The hygroscopic phase transitions and growth factors of mixed particles having as components ammonium sulfate and secondary organic material (SOM) were measured. The SOM was generated by the dark ozonolysis of α-pinene, and organic particle mass concentrations of 1.63 and 12.2 µg m −3 were studied. The hygroscopic properties were investigated using a 1×3 tandem differential mobility analyzer (1×3-TDMA). The 1×3-TDMA takes advantage of the hysteresis between solid-to-aqueous and aqueousto-solid phase transitions to determine the efflorescence and deliquescence relative humidities (ERH and DRH, respectively) of materials. Overall, the influence of the SOM produced by the dark ozonolysis of α-pinene on the ERH and DRH of ammonium sulfate was small, shifting for example the DRH from 80% for pure ammonium sulfate to 77% for organic volume fractions of 0.96. The ERH likewise shifted by only a small amount across this composition range, specifically from 31 to 29%. The SOM produced at the lower organic particle mass concentrations shifted ERH and DRH even less, indicating an influence of SOM chemical composition on phase transitions. The hygroscopic growth factors of the mixed particles were adequately modeled across the range of studied RH (50 to 83%) using volume-averaged growth factors of the pure materials. The results for ERH, DRH, and the growth factors were all consistent with a model of phase separation between the inorganic and organic phases in individual particles, at least for the studied RH values (<83%) and for SOM prepared by α-pinene ozonolysis.
INTRODUCTION
Aerosol particles significantly affect the balance of global radiation and the pathways of atmospheric chemistry by scattering and absorbing incoming solar radiation, serving as cloud condensation nuclei, and participating in heterogeneous chemical reactions (Seinfeld and Pandis 2006; Solomon et al. 2007 ). The effects depend on particle phase, composition, and size, all of which are influenced by particle deliquescence, efflorescence, and hygroscopic growth (Hanel 1976) . Deliquescence is the phase transition that occurs when a solid spontaneously takes up water at a specific relative humidity (RH) to form a saturated solution with water (Martin 2000) . The deliquescence relative humidity (DRH) is the RH at which the Gibb's free energy of an aqueous particle equals that of a solid particle surrounded by water vapor. Efflorescence, in contrast to deliquescence, is governed by kinetics. The efflorescence relative humidity (ERH) is the RH at which a solid crystallizes from solution, accompanied by evaporation of water from the droplet. Because a nucleation barrier must be overcome for crystallization to occur, the solute does not crystallize until a critical supersaturation is reached. The consequence is that the ERH is typically significantly below the DRH, resulting in a hysteresis effect for particle phase. This hysteresis has been predicted to alter global annual sulfate radiative forcing by up to 16% (Martin et al. 2004; Wang et al. 2008a,b) . The RH-dependent hygroscopic growth factor g (RH) , defined as the ratio of particle diameter at an elevated RH to that at a low reference RH, quantifies diameter growth resulting from water uptake.
The hygroscopic phase transitions and growth factors of many inorganic particles have been studied extensively over a wide range of composition and diameter (Tang and Munkelwitz 1984; Cziczo et al. 1997; Ha and Chan 1999; Onasch et al. 1999; Martin 2000) . The measured DRH values and growth factors of these compounds generally agree well with thermodynamic predictions, including shifts for nano-sized materials (Hameri et al. 2000 (Hameri et al. , 2001 Biskos et al. 2006a,b) . The dependence of ERH on inorganic composition has been more difficult to codify because of the stochastic nature of nucleation; however, there are measurements and useful parameterizations in 244 Downloaded by [Harvard College] at 13:11 07 September 2012 PHASE TRANSITIONS OF SOM-AS PARTICLES 245 the literature for some compositions (Martin 2000; Martin et al. 2003) .
In addition to inorganic components, atmospheric particles also consist of organic components. With respect to fine-mode particle mass concentration, the organic components can be dominant at many times and locations (Zhang et al. 2007; Hallquist et al. 2009 ). Several groups have studied the DRH and ERH properties of particles generated by mixing pure organic compounds with inorganic salts in solution with water (Cruz and Pandis 2000; Peng et al. 2001; Brooks et al. 2002; Parsons et al. 2004; Marcolli and Krieger 2006) . For the most part, the organic compounds chosen for study have been carboxylic acids because they have been observed in real atmospheric organic material and therefore may represent constituents of secondary organic material (SOM). The studies have shown that the effects of specific organic molecules on the hygroscopic phase transitions of the inorganic component depend on the interactions between both components. For example, in regard to ERH Choi and Chan (2002) showed that succinic acid (HOOCCH 2 CH 2 COOH), which is relatively insoluble in water, increased the ERH of sodium chloride (NaCl) and ammonium sulfate (AS) by 8 and 12% RH, respectively, through a mechanism of heterogeneous nucleation of NaCl and AS crystals. In comparison, the same authors showed that glutaric acid (HO 2 C(CH 2 ) 3 CO 2 H), which is highly soluble in water, also increased the ERH of NaCl by 14% and increased the ERH of AS by 22% RH but must have done so by a homogeneous mechanism that influenced germ formation. As another example, Marcolli and Krieger (2006) investigated particles composed of five carboxylic acids (including malic, maleic, malonic, glutaric, and methysuccinic acids) and ammonium sulfate and found that the ERH of micrometer-sized particles decreased with increasing organic volume fraction, inferring that AS served as heterogeneous nuclei for carboxylic acid crystallization. In a third example Parsons et al. (2006) , using malonic acid (CH 2 (COOH) 2 ) as the organic component, found that the ERH decreased with increasing organic volume fraction until becoming completely suppressed above an organic volume fraction of approximately 0.5.
The DRH values of mixed inorganic-organic particles have also been studied, and some generalities with regard to the observations are possible (Choi and Chan 2002; Brooks et al. 2003; Parsons et al. 2004 ). Water-soluble organic compounds decrease the DRH compared to pure inorganic particles, and significant water uptake caused by partial dissolution occurs prior to final deliquescence. In comparison, water-insoluble organic molecules affect the DRH of the inorganic component only in a minor way, if at all. As an example, Choi and Chan (2002) reported that particles of AS mixed with the insoluble compound succinic acid deliquesced at the DRH of AS and exhibited no measurable hygroscopic growth for RH < DRH. Parsons et al. (2004) extended these results by showing that the DRH was statistically identical to that of pure AS for small amounts of organic material in mixed systems of malonic acid, levoglucosan, or glycerol. The DRH, however, decreased by up to 10% RH as the organic mole ratio increased from 0.35 to 0.6. These studies are consistent with the thermodynamic prediction that particles of mixed composition deliquesce at an RH less than the DRH of the pure components (Wexler and Seinfeld 1991) .
What emerges from the literature of both ERH and DRH is that the organic volume fraction is a key variable for predicting the influence of specific organic compounds on the hygroscopic phase transitions of inorganic materials. The influence, however, of secondary organic material does not necessarily follow as a direct extension of the results using pure compounds. SOM forms by the multi-generation OH, O 3 , and NO 3 oxidation of volatile organic compound (VOC) precursors , and the resulting SOM in the particle phase consists of the low-volatility fraction of the products (Donahue et al. 2006 ). Tens to hundreds of different organic molecules occur in significant quantities (Hamilton et al. 2004) , and these mixtures can behave much differently than isolated pure-compound constituents (Marcolli et al. 2004 ). The prevailing hypothesis in regard to ERH discussed in Martin et al. (2004) , Parsons et al. (2004) , and Marcolli et al. (2004) has been that the multiple compounds in SOM combine in a way that should reduce the ERH of mixed SOM-inorganic particles and eventually eliminate crystallization entirely. In regard to DRH, the prevailing hypothesis has been that SOM is water soluble, as inferred from cloudcondensation-nuclei activity of the material (King et al. 2007 (King et al. , 2010 as well as its hygroscopic growth (Virkkula et al. 1999; Cocker et al. 2001; Saathoff et al. 2003; Baltensperger et al. 2005; Varutbangkul et al. 2006; Meyer et al. 2009 ), and should therefore considerably influence the deliquescence properties of AS.
To date, there have been few studies on the phase transitions of mixed SOM-inorganic particles, and the aforementioned hypotheses could be tested only relatively weakly by the available data. A summary of the studies is provided in Table 1 . Kleindienst et al. (1999) found that the DRH and ERH of AS did not shift for mixed particles having AS and SOM components for organic volume fractions of 0.05 to 0.16. The SOM was produced by oxidation of toluene, p-xylene, and 1,3,5-TMB. Saathoff et al. (2003) placed limits of between 70 and 80% RH on the deliquescence of particles composed of AS and SOM products of α-pinene ozonolysis for an organic volume fraction of 0.18. Takahama et al. (2007) determined that the ERH values did not differ from the reference value for pure AS, at least within the measurement uncertainty, for AS particles coated with the ozonolysis products of α-pinene for organic volume fractions of 0.54 to 0.72 or with those of limonene ozonolysis for organic volume fractions of 0.59 to 0.94. For α-pinene photooxidation, Meyer et al. (2009) (Martin 2000) . * Experiments in these studies were conducted using protocols that did not allow more precise determination of the RH of the phase transition.
considerations, however, as well as results reported in the literature using pure organic compounds, support the importance of organic volume fraction in quantifying the influence of SOM on the phase transitions of inorganic materials.
Herein, results are presented of DRH, ERH, and g(RH) for particles consisting of AS and SOM components over the full range of organic volume fractions. The SOM is produced from the dark ozonolysis of α-pinene. Because the chemical composition of SOM components in particles changes with organic particle mass concentration Chhabra et al. 2010) , results are presented for studies at two mass concentrations. The hygroscopic phase transitions and growth factors are investigated using a 1×3 tandem differential mobility analyzer (1×3-TDMA) Rosenoern et al. 2009 ). The 1×3-TDMA takes advantage of the hysteresis between solidto-aqueous and aqueous-to-solid phase transitions to determine ERH and DRH. The results show that both of the aforementioned hypotheses regarding the effects of SOM on the ERH and DRH of ammonium sulfate are not accurate (at least for the studied SOM material) in that DRH and ERH do both decrease but do so only slightly (e.g., by 2-3% RH) across a range of 0.0-0.99 in organic volume fraction. Explanations and implications for the chemical nature of SOM and its interactions with inorganic materials are discussed.
EXPERIMENTAL

Aerosol Generation and Characterization
The Harvard Environmental Chamber (HEC), operated in a continuous-flow mode as described in detail in King et al. (2009) , was used to coat ammonium sulfate particles with secondary organic material. The HEC consists of a 4.7 m 3 Teflon bag attached within a temperature-controlled housing maintained at 25
• C. The total flows (22 Lpm) in and out of the bag were balanced, implying a reactor residence time of 3.6 h.
The relative humidity and the ozone concentration in the bag were 40% and 50 ppb, respectively, and were kept at steady state by feedback control.
Aqueous polydisperse ammonium sulfate particles were generated outside the chamber by nebulizing a 0.05 wt% solution (TSI 3076), and the resulting particles were dried to below 10% RH using a silica-packed diffusion drier. A nano-differential mobility analyzer (nDMA; TSI, 3085), operated with an aerosol flow rate of 2 Lpm and a sheath flow rate of 10 Lpm, was employed to select a quasi-monodisperse size fraction, which was then continuously injected into the bag. A solution (1:600 v/v) of (+)-α-pinene (Aldrich, 98% purity) in 2-butanol (SigmaAldrich, ≥99.5% purity) was introduced into a gently warmed glass bulb outside the chamber, and the vapor was then continuously swept into the bag.
The α-pinene reacted with ozone inside the bag, forming secondary organic material. Two experimental conditions were used to achieve a wide range of organic volume fractions: (1) 76.5 nm seed particles with 2 ppb injected α-pinene (i.e., in absence of reaction) and (2) 49.5 nm seed particles with 20 ppb injected α-pinene. The data analysis included treatment of the multiply charged seed particles, such as +2 particles having a physical diameter of 113 nm that passed through the nDMA alongside +1 particles having a physical diameter of 76.5 nm.
Flow was continuously withdrawn from the HEC for analysis. The withdrawn particles were on the lower branch of the water uptake hysteresis curve. The particles in the outflow were characterized by a scanning mobility particle sizer (SMPS, TSI 3936; Wang and Flagan 1990 ) to obtain the numberdiameter distribution and by a high-resolution time-of-flight Aerodyne Aerosol Mass Spectrometer (HR-ToF-AMS; DeCarlo et al. 2006) to assay organic particle mass concentration and O:C and H:C elemental ratios . A redundant estimate of the mass concentration was obtained from the AMS-determined SOM density (1.62 and 1.4 g cm -3 for 2 and Downloaded by [Harvard College] at 13:11 07 September 2012 20 ppb injected α-pinene, respectively) and the SMPSdetermined SOM volume concentration (Shilling et al. 2008 ). The SOM density was confirmed by measurement with a DMA-APM (Kanomax 3600 Aerosol Particle Mass Analyzer (APM); Ehara et al. 1996; Kuwata and Kondo 2009; Malloy et al. 2009 ). Experiments were conducted at organic particle mass concentrations of 1.63 (1.41) and 12.2 (14.6) µg m −3 , with the SMPS-and AMS-determined values shown outside and inside the parentheses, respectively.
1×3-TDMA
One part of the flow withdrawn from the HEC was continuously sampled by the 1×3-TDMA (2.0 Lpm). The 1×3-TDMA, described in detail by Rosenoern et al. (2009) and depicted in Figure 1 , takes advantage of the hysteresis between DRH and ERH to measure irreversible water uptake. In brief, particles sampled into the 1×3-TDMA were first pre-conditioned to a reference RH 0 (Perma Pure Nafion tube, MD 110). A quasimonodisperse size fraction was subsequently selected by the first DMA (DMA mono ; TSI, 3081; 9.6:1 sheath:sample flow ratio; 25
• C) ( Figure 1 ). Following DMA mono , the flow was split and directed into reference and test arms. Each arm consisted of two Nafion tubes, a differential mobility analyzer, and a condensation particle counter (CPC; TSI, 3010) in series.
Reference Arm
In the reference arm, both Nafion tubes were maintained at RH 0 . In this case, the particles were not exposed to any RH perturbations, and the particle diameter remained unchanged. With DMA mono and DMA 0 (9.38:1 sheath:sample flow ratio; 25
• C) set to the same mobility diameter, the particles passed through DMA 0 to be counted downstream by CPC 0 .
Deliquescence Test
In the test arm of a deliquescence-mode experiment, the particles, which exited the HEC on the lower branch of the water uptake hysteresis curve, were exposed in the first Nafion tube to elevated RH (denoted RH +δ ; Figure 1a ) for approximately 1 s and in the second Nafion tube were returned to RH 0 . The particles were classified by DMA +δ , with DMA mono and DMA +δ set to the same mobility diameter. In the case of a positive test for deliquescence, the particle diameter increased because of the hysteresis effect induced by this RH sequence: the larger diameter particles did not pass DMA +δ and therefore were not counted by CPC +δ . By contrast, in the absence of deliquescence (i.e., a negative test), particle diameter was unchanged, and the particles passed through DMA +δ to be counted by CPC +δ .
For the DRH measurements, RH 0 and RH +δ were scanned from 65 to 80% with a constant offset +δ of 5%. In one scan, the sampled mobility diameter was held constant. Across a set of experiments, a combination of seed particle diameters in the HEC and particle diameters sampled by the 1×3-TDMA was used to systematically vary the organic volume fraction from 0 to 0.96 (Table 2) .
Efflorescence Test
For the efflorescence-mode experiments, prior to sampling by the 1×3-TDMA, the dry particles exiting the HEC were deliquesced by exposure to 84% RH, as set by a saturated solution of potassium chloride. The particles, now on the upper branch of the water uptake hysteresis curve, were then equilibrated to RH 0 as they entered the 1×3-TDMA. In an efflorescence test, the particles were exposed in the first Nafion tube of 1×3-TDMA to a lowered RH (denoted RH −δ ; Figure 1b ) for approximately 1 s and in the second Nafion tube were returned to RH 0 . This RH sequence decreased the particle diameter irreversibly if efflorescence occurred. The particles were classified by diameter using DMA −δ , and particles passing DMA −δ were counted by CPC −δ .
For the performed measurements, RH −δ was scanned from 40% to 20% while RH 0 was held constant at 50%, corresponding to -δ of 10% to 30% during the scan. This approach was a modification to the experimental protocol of Rosenoern et al. (2009) , who varied RH 0 as in the DRH experiments and conducted simultaneous ERH and DRH scans. This approach was possible for Rosenoern et al. (2009) because the composition of the studied particles did not vary with diameter. In our study, the revised approach of fixed RH 0 in ERH scans was utilized so that the organic volume fraction of particles selected by DMA mono remained the same throughout one scan. As a result of this requirement for different RH 0 profiles, the DRH and ERH measurements in this study were carried out separately. As for the DRH measurements, the organic volume fraction for the ERH measurements was varied using a combination of seed particle diameters and sampled particle diameters (Table 2) .
Transmission Ratio
The transmission ratio of the 1×3-TDMA is defined as CPC +δ :CPC 0 for a deliquescence-mode experiment and CPC −δ :CPC 0 for an efflorescence-mode experiment. Particles entering DMA 0 exited in the flow that continued to CPC 0 and were counted by that instrument. Likewise, in the absence of a phase transition in the efflorescence or deliquescence test arms, particles entering DMA −δ and DMA +δ exited in the flows that continued to CPC −δ and CPC +δ . In these cases, the transmission ratios CPC +δ :CPC 0 or CPC −δ :CPC 0 were ideally unity. Because particles that deliquesced (effloresced) had a changed mobility diameter, these particles wholly to partially drifted laterally from the flow that exited DMA +δ (DMA −δ ) and that subsequently entered CPC +δ (CPC −δ ). In the case of complete drift, the counts recorded by CPC +δ (CPC −δ ) correspondingly dropped to zero. The transmission ratio accompanying a phase transition therefore ideally also dropped to zero.
In practice, ideal behavior was not always observed, both for practical as well as scientific reasons. For instance, as a practical reason, the arms were at times slightly unbalanced. In this case, the transmission ratio for changing RH was constant in the absence of phase transitions but different from unity (e.g., between 0.85 and 1.12). A scaling factor was applied in the Downloaded by [Harvard College] at 13:11 07 September 2012 FIG. 1. Schematic representation of the 1×3 Tandem Differential Mobility Analyzer (1×3-TDMA). Panels A and B depict deliquescence and efflorescence tests, respectively. The apparatus is represented by boxes and arrows. Alongside, the colored circles of different sizes represent the physical processes of deliquescence, efflorescence, and hygroscopic growth of aerosol particles as they move through the apparatus. Items labeled in the figure include the seed-particle generation system (SGS), the Harvard Environmental Chamber (HEC), Nafion RH 0 , RH +δ , and RH −δ conditioners, differential mobility analyzers DMA mono , DMA 0 , DMA +δ , DMA −δ , and condensation particle counters CPC 0 , CPC +δ , and CPC −δ . In each panel, particles pass the reference arm and are detected by CPC 0 . For the test arms, two possible pathways are considered, namely one for which a phase transition occurs and another for which it does not. For the former case, the change in diameter shifts the particles out of the mobility filter of the downstream DMA, and these particles are thus not passed for counting to the CPC further downstream. In the figure, circles represent aerosol particles having as components solid ammonium sulfate (AS), secondary organic material (SOM), water (H 2 O), and mixed AS-H 2 O. The circles represent different particle types in a generic sense. They should not be interpreted as representative of particle morphologies, which can be much more complex ( Figure 10 ). Figure A1) ;ε +2 , mode value of organic volume fraction of particles having a d +2 m,+1 core; D, deliquescence test; E, efflorescence test; R: deliquescence test of recrystallized particles. An asterisk (*) indicates that the classified particle was on the upper branch of the water uptake hysteresis curve, and in these experiments the sampling RH was 50% ( §2.2.3). data analysis based on the constant transmission ratio observed across a broad RH range. Another consideration is that uniform RH within an instrument, both because of mixing of flows and more importantly because of minor temperature gradients (i.e., 1 K corresponds to 6% RH), was not routinely obtained in a laboratory setting (Weingartner et al. 2002) . As a result, the transmission ratio dropped from unity to zero across a range of approximately 1-2% RH for the deliquescence of pure inorganic compounds ), even though the underlying phase transition was expected at a single RH. For these reasons, herein transmission curves (i.e., transmission ratios for increasing RH) that were as sharp as 2% are taken to have a single DRH (ERH) value at the relative humidity for which 50% of the particle population had undergone a phase transition (i.e., corresponding to a scaled transmission ratio of 0.5). Transmission curves broader than 2% RH are interpreted in a scientific context, meaning that reasons are sought that a particle population had a broad phase-transition response, such as heterogeneity of particles within the population ( §3.3).
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In addition to practical reasons, scientific reasons can also cause a deviation from ideal 1×3-TDMA response. For example, in the case of a sufficiently small change in diameter with a phase change, overlap occurred between the mobility filter of DMA +δ (DMA −δ ) and the mobility distribution of the phasechanged particles. In this case, although a phase transition occurred, the particles only partially drifted out of the flow that exits DMA +δ (DMA −δ ) and that subsequently entered CPC +δ (CPC −δ ). The transmission ratio therefore did not drop fully to zero. Examples of this effect are shown in the data sets presented in this study ( §3.3), especially for particles having high organic volume fractions. Rosenoern et al. (2009) presented equations that define the minimum growth factor needed for complete filtering by DMA +δ (DMA −δ ).
Alternate Modes of 1×3-TDMA Operation
Compared to the original description of the 1×3-TDMA in Rosenoern et al. (2009) , in this study two alternate modes were developed for data collection by the instrument, including (1) measurement of the transmission ratio for increasing particle diameter and (2) measurement of the hygroscopic growth factor associated with a phase transition. Measurement of the transmission ratio for increasing diameter can provide information about whether a particle population has diameterdependent phase transitions. In this mode, RH 0 , RH +δ , and RH −δ were held constant while the mobility diameter selected by DMA mono , DMA 0 , DMA +δ , and DMA −δ was swept in unison. In the present study, we report data in this mode only for the Downloaded by [Harvard College] at 13:11 07 September 2012 deliquescence test. RH 0 and RH +δ were set to 60% and 90%, respectively. In our study, the sweep in particle diameter corresponded to a systematic increase of organic volume fraction.
The control software of the 1×3-TDMA was extended in this study so that the number-diameter distributions prior to and after a phase transition were recorded. From these data, the hygroscopic growth factor gwas determined (Swietlicki et al. 2008) . In this mode, rather than being set to pass the same mobility diameter as DMA mono , the voltages of DMA 0 and DMA +δ (DMA −δ ) were scanned at a rate of 6 V s −1 and the number concentrations were recorded by CPC 0 and CPC +δ (CPC −δ ). Number-diameter distributions were constructed by inverting the raw data using the transfer functions of DMA 0 , DMA +δ , or DMA −δ (Wang and Flagan 1990) . The number-diameter distributions corresponded to particles having undergone RH sequences of RH 0 → RH 0 → RH 0 for the reference arm and RH 0 → RH +δ (RH −δ ) → RH 0 for the test arm. By design, the value of RH +δ (RH −δ ) was sufficient to cause deliquescence (efflorescence).
In the case of deliquescence, the number-diameter distribution recorded for the reference arm corresponded to undeliquesced particles at RH 0 and that recorded for the test arm corresponded to deliquesced particles at RH 0 . Growth factors (>1) at RH 0 were determined from the increase in the mode diameter between the two distributions (Biskos et al. 2006b ). For the experiments of this study, RH 0 and RH +δ values of 60% and 90%, respectively, were used to determine g(60%). A growth factor at 83% RH was also determined by using the upper-branch distribution at 83% RH and the lower-branch distribution at 60% RH. In the case of efflorescence, shrinkage factors (<1, i.e., 1/g) at RH 0 were determined from the decrease in the mode diameter between the two distributions. In the present study, settings of RH 0 and RH −δ held constant at 50% and 20%, respectively, were used to determine g(50%).
RESULTS AND DISCUSSION
Phase-Transition Hysteresis in Size Distributions
The diameter change resulting from the phase-transition hysteresis of mixed SOM-AS particles is illustrated for a deliquescence test in Figure 2a and an efflorescence test in Figure 2b . The number-diameter distributions were obtained by running the instrument in the voltage-scanning mode described in §2.3. As a reference point in each panel, the transfer function of the DMA downstream of DMA mono (i.e., DMA 0 , DMA +δ , or DMA −δ ) for the normal fixed-voltage mode of 1×3-TDMA operation is superimposed as a dotted line over the measured distribution.
For the deliquescence test, the normalized number-diameter distribution at 60% RH is shown in the left panel of Figure 2a for particles traveling through the reference arm for an RH history of 60% → 60% → 60%. For this RH sequence, the ammonium sulfate component of the particles remains solid. The size distribution overlaps with the transfer function of DMA 0 , and the particles therefore pass through DMA 0 and are counted by CPC 0 . By comparison, the distribution is shown in the right panel for an RH history in the test arm of 60% → 90% → 60%. For this RH sequence, the sulfate component deliquesces at 90% RH and remains on the upper branch of the hysteresis curve at the end of sequence at 60% RH. The size distribution is therefore shifted to larger diameters, as shown in the right panel. The resulting size distribution overlaps to a limited extent with the transfer function of DMA +δ . Based on this overlap, the transmission ratio CPC +δ :CPC 0 is 0.10. For this example, representing particles of a high organic volume fraction, the shift of the size distribution after the phase transition is insufficient to move the distribution fully out of the classification window of DMA +δ .
The right panel of Figure 2a shows that the numberdistribution of the particles on the upper branch of the hysteresis curve has two modes. For the shown experiment, DMA mono selected 120-nm particles exiting the HEC in experiments that employed 76.5-nm (+1 charge) and 113-nm (+2 charge) seed Downloaded by [Harvard College] at 13:11 07 September 2012 particles. The 120-nm particles grown on larger seed particles have a smaller organic volume fraction and thus a larger hygroscopic growth factor, leading to the second mode of the distribution.
For the efflorescence test, the number-diameter distribution at 50% RH is shown in the left panel of Figure 2b for particles traveling through the reference arm for an RH history of 50% → 50% → 50% and therefore remaining on the upper branch of the hysteresis curve. The distribution shown in the right panel represents particles passing through the test arm for an RH history of 50% → 20% → 50%. For this RH sequence, the sulfate component of the particles effloresces and becomes solid. Because the particles thus move to the lower branch of the hysteresis curve, the size distribution shifts to smaller diameters following efflorescence, as shown in the right panel. The overlap between the transfer function of DMA −δ and the size distribution of effloresced particles implies a transmission ratio CPC −δ :CPC 0 of 0.23.
Control Experiments using Ammonium Sulfate
The phase transitions of particles of pure ammonium sulfate were investigated with the 1×3-TDMA. Times series of RH profiles and CPC counts for efflorescence and deliquescence tests are shown in Figure 3 . Raw data of this type are discussed in more detail in Rosenoern et al. (2009) . The corresponding transmission ratios plotted against relative humidity are shown in Figure 4 . The particles deliquesce at 80.6 ± 1% and effloresce at 31 ± 1%. These values agree with measurements in the literature for aerosol particles as well as with the thermodynamic DRH of 79.5% RH for bulk materials at 298 K (Biskos et al. 2006c; Rosenoern et al. 2009 ).The hygroscopic growth factors g(RH) (data not shown) measured from 35 < RH < 80% also agree with model predictions. For example, the measured g(60%) is 1.26 ± 0.03 compared to a model prediction of 1.27. The hygroscopic model is described in Biskos et al. (2006c) .
Deliquescence and Efflorescence of Mixed Particles
The 1×3-TDMA transmission ratios obtained for the application of the deliquescence test to mixed particles of ammonium sulfate and secondary organic material are shown in Figure 5a . The transmission ratios with increasing relative humidity are plotted for eight experiments. Table 2 lists the diameters sampled by the 1×3-TDMA and the corresponding mode valueε +1 of the organic volume fraction of experiments 1 to 8, which are listed in order of a monotonic increase from 0.0 to 0.96 inε +1 . Figure 5a shows that the DRH shifts from 80.6% to 77.3% RH across this range ofε +1 . Theε +1 values are based on the probability density function p org,ss (ε) of organic volume fraction ε at the diameter sampled by the 1×3-TDMA. The calculation of p org,ss (ε) andε +1 is described in the Appendix.
The dependence of DRH on organic volume fraction is revealed in Figure 5b , which shows as closed symbols the DRH (ε +1 ) values deduced from Figure 5a . Data are further classified for SOM at organic particle mass concentrations of 1.63 (squares) and at 12.2 µg m −3 (triangles). The data show two features: DRH decreases both for higher organic volume fraction and for higher particle organic mass concentration. By contrast, the DRH values have no independent correlation with sampled particle size (analysis not shown), suggesting the absence of size-dependent DRH values, at least for particles in the studied size range of 60 to 150 nm.
The larger decrease of DRH for SOM generated at higher organic particle mass concentrations implies a shift in SOM chemical composition with concentration. In agreement, Shilling et al. (2009) reported that as organic mass concentration decreases the organic material becomes more oxygenated. In the data of the present study (not shown), the AMS-derived O:C ratio increased from 0.39 at 12.2 µg m −3 to 0.44 at 1.63 µg m −3 . These values are consistent with those reported previously in Shilling et al. (2009) .
For some experimental conditions, a significant second modê ε +2 resulting from doubly charged seed particles is also sampled by the 1×3-TDMA (cf. appendix). These values are also listed in Table 2 and appear as shoulders in Figure 5a . Experiment 7 therein provides a prominent example. Values of DRH(ε +2 ) are plotted as open symbols in Figure 5b . The figure shows that the values of DRH(ε +1 ) and DRH(ε +2 ) are consistent with each another.
For a closer investigation of the dependence of DRH on organic volume fraction, we employed an alternate mode of 1×3-TDMA measurement in which the transmission ratio is monitored while the sampled particle diameter is increased in steps (cf. §2.3). The RH profiles in the instrument are held constant during this sweep. The values ofε +1 are determined for each sampled diameter (cf. Appendix), and a plot of the measured transmission ratio for increasingε +1 is constructed ( Figure 6 ). These measurements test experimentally if deliquescence might be fully inhibited above a threshold organic volume fraction, meaning that the transmission ratio would increase to 1. The data of Figure 6 show that this inhibition does not occur. Ambiguity in this regard at the highest organic volume fractions in the plot of Figure 6 is removed by a close examination of the data forε +1 of 0.96 of experiment 8 displayed in Figure 5a , which clearly reveals deliquescence.
One feature of Figure 6 is that forε +1 > 0.65 the transmission ratio steadily increases with greater organic volume fractions. In these cases, the hygroscopic growth of the particle population is not sufficient to shift the number-diameter distribution fully out of the transfer function of DMA +δ (cf. §3.1), as is explained by the decreasing diameter difference between the upper and lower branches of the hysteresis curve for increasing organic volume fraction. The effect is confirmed by modeling the response expected for the transmission ratio of the 1×3-TDMA (solid line, Figure 6 ). The model includes the transmission function of the instrument ) and the expected hygroscopic growth of mixed SOM-sulfate particles (see Equation (1) Example of raw data recorded by the 1×3-TDMA for particles of ammonium sulfate. Columns a and b correspond to efflorescence and deliquescence tests, respectively. Rows 1 and 2 show time series of relative humidity and CPC counts, respectively, in both the reference and test arms. The dotted lines are drawn at the locations in the data sets at which phase transitions occur. For the shown measurements, the mobility diameter (+1 charge) of the selected particles is 100 nm. the solid line in Figure 6 represents the model response to ±1 nm uncertainty in the classification by the DMAs. The conclusions from the good agreement between the model and the observations are that deliquescence occurs across the entire range of organic volume fractions, that the increase in transmission ratio forε +1 > 0.65 is explained by decreased hygroscopic growth of the mixed particle, that full inhibition of deliquescence is not observed even to the highest organic volume fractions, and that the DRH values recorded are consistent with a thermodynamic effect rather than a kinetic effect of SOM coatings.
As an elaboration of the final point, the hypothesis of a kinetic effect, which is ruled out by the data of Figure 6 , is that deliquescence would have occurred at lower RH values if the exposure time had been longer, with the associated idea that the limitation in observing deliquescence was the rate of H 2 O diffusion through an organic coating. This hypothesis is ruled out by the good agreement between the hygroscopic growth model (i.e., solid line of Figure 6 ) and the collected data: the functional dependence of a kinetic effect on water uptake with increasing organic volume fraction would be expected to differ from that of the hygroscopic growth model. More specifically, a kinetic effect, if present, would have increased the transmission ratio at a lower organic volume fraction than the upper-limit value imposed by the hygroscopic growth model and observed in the data. A related complementary observation is that a kinetic effect of a non-water-permeable organic coating that would limit deliquescence (even though the data of Figure 6 argue against this effect) would likewise inhibit efflorescence. The data of Figure 7 , however, show facile efflorescence, even to high organic volume fractions.
In regard to efflorescence, Figure 7a shows the transmission ratios recorded for seven experimental conditions that represent ε in monotonic order from 0.0 to 0.99 (Table 2) . Across this range, ERH decreases slightly from 30.8% to 29.0% RH. Figure 7a shows that the transmission ratio does not fall to zero for high values ofε. The explanation is that the growth factors at 50% RH are not sufficient to move the transmitted particles fully out of the transfer function of DMA −δ (cf. §3.1), as explained above for Figure 6 for high values ofε in the deliquescence test. In experiment 15 of Figure 7a , for example, the particles selected for analysis are composed almost entirely of SOM (i.e., ε +1 = 0.99). According to the model, approximately 5% of the effloresced particles shift out of the DMA −δ transfer function. The resulting predicted transmission ratio of 0.95 is in agreement within uncertainty with the observed transmission ratio of 0.97. Table 2 lists the exact values for each experiment. In some experiments, a significant fraction of particles selected at d m,+1 is derived from larger sulfate seed particles (i.e., derived from doubly charged particles in the seed distribution that became coated with organic material in the chamber). In these cases, the transmission ratio decreases stepwise (e.g., experiments 5 and 7). For these cases, the calculatedε +2 are also listed in Table 2 . (B) Deliquescence relative humidity for increasing organic volume fraction. Results are shown for pure ammonium sulfate (diamond) as well as for mixed particles prepared at organic particle mass concentrations of 1.63 (squares) and 12.2 µg m -3 (triangles). Mode organic volume fractions derived from singly charged seed particles (ε +1 ; closed symbols) as well as doubly charged seed particles (ε +2 ; open symbols) are shown. The box represents the quartiles of the probability density function p org,ss (ε) of organic volume fraction, with the count medianε marked by the vertical bar.
The summary results of ERH(ε +1 ) are presented in Figure 7b . These results show that, as for DRH(ε) in Figure 5b , ERH(ε) of Figure 7b depends on both organic particle mass concentration and organic volume fraction, with lower ERH at higher organic volume fraction and higher organic particle mass concentration. In the case of efflorescence, the absence of shoulders in the data of Figure 7a , in contrast to their presence in the data for deliquescence of Figure 5a both ERH(ε +1 ) and ERH(ε +2 ) within Figure 7b . For experiment 13, the second modeε +2 resulting from doubly charged seed particles is slightly larger thanε +1 , and this point is correspondingly plotted as ERH(ε +2 ) (open symbol). Given the greater concentration of singly charged seed particles for all other efflorescence experiments, the remaining points in Figure  7b are plotted as ERH(ε +1 ), with the implied assumption that differences between ERH(ε +1 ) and ERH(ε +2 ) are sufficiently small that they are not resolved by the 1×3-TDMA. This conclusion of an embedded but unresolved effect of ERH(ε +1 ) and ERH(ε +2 ) is supported by the broad response of the transmission curve across 3.7% RH that is apparent in Figure 7a for experiment 13. This experiment also has the widest distribution of ε values among experiments 9 to 15 (Figure 7b , box sizes). For comparison, the breadth of the response of the transmission curves varies from 2.1 and 2.8% RH for the other efflorescence tests, which correspondingly have narrower distributions of ε values
Recrystallization
Morphology can influence phase transitions, as shown, for example, in the case of a less hygroscopic salt surrounding a more hygroscopic one (Mifflin et al. 2009 ). Cycling relative humidity from low to medium back to low values can lead to changes in the shapes of hygroscopic particles as they adjust from high-energy morphologies associated with their initial synthesis and locked into place at low RH toward low-energy euhedral shapes that can be reached when adsorbed water layers increase ionic mobility (Mikhailov et al. 2004; Biskos et al. FIG. 7 . Observations for efflorescence tests. (a) Transmission ratios measured for decreasing RH −δ . Shown data correspond to a -δ of 10 to 30%. The transmission ratios are scaled to 1, with scaling factors ranging from 0.88 to 1.05 (not shown). The selected mobility diameter d m,+1 and the corresponding mode organic volume fractionε +1 for experiments 9 to 15 are listed in Table  2 . (b) Efflorescence relative humidity for increasing organic volume fraction. Results are shown for pure ammonium sulfate (diamonds) as well as for mixed particles prepared at organic particle mass concentrations of 1.63 (squares) and 12.2 µg m -3 (triangles). Mode organic volume fractions derived from either singly charged seed particles (ε +1 ; closed symbols) or doubly charged seed particles (ε +2 ; open symbols) are shown. The box represents the quartiles of p org,ss (ε), with the count medianε marked by the vertical bar. Stars represent data of Takahama et al. (2007). 2006a ; Rosenoern et al. 2008) . Cycling relative humidity can also alter the morphology and deliquescence behavior of some but not all organic-coated inorganic particles (Chan et al. 2006; Chan and Chan 2007; Ciobanu et al. 2009 ). In some cases, the different effects can depend on the ability of water to permeate an outer coating (e.g., Mifflin et al. 2009 ).
Although no imaging was conducted of the particles exiting the HEC, a particle morphology is expected of a solid sulfate core surrounded by an organic coating because the mixed particles were prepared by the condensation of SOM molecules onto sulfate seed particles. Other morphologies are certainly possible under some conditions, such as an incomplete coating of SOM across the surface of the ammonium sulfate that might Downloaded by [Harvard College] at 13:11 07 September 2012 be represented by a partially engulfing morphology (Kwamena et al. 2010) . Chan et al. (2006) observed that glutaric acid coats supermicron AS particles in a morphology of towers of glutaric acid serving as a shell on a sulfate core. Nevertheless, the density measurements carried out by us with the APM showing a diameter-independent SOM density, as well as the agreement between the AMS-and SMPS-derived mass concentrations, are all consistent with a spherical particle. Furthermore, in our experiments the AMS-measured sulfate increased substantially as soon as SOM condensation began, indicative of a liquid-phase coating of SOM that eliminates particle bounce in the AMS (Bahreini et al. 2005; Virtanen et al. 2010) . These results are all consistent with a particle morphology of a solid sulfate core surrounded by an organic coating for the particles exiting the HEC.
The influence of possible differences in particle morphology, such as a morphology resulting from condensational growth in the HEC compared to a perhaps different morphology that might result after interaction with water and efflorescence during atmospheric aging, was investigated by recrystallizing the mixed particles (i.e., deliquescing and re-drying them) prior to sampling into the 1×3-TDMA. Results of these experiments are shown in Figure 8 , in which the RH-dependent transmission ratios are plotted both for particles sampled directly from the chamber and for recrystallized particles. The experiments investigated two organic volume fractions, specifically experiments 6, 7, 16, and 17 of Table 2 . The results plotted in Figure 8 show that the RH-dependent transmission ratio for directly sampled compared to recrystallized particles are in agreement with each other within the RH uncertainty (±1%) of the 1×3-TDMA. The conclusion is either that the particle morphologies are similar between the two sets of experiments or that any differences in morphology do not influence deliquescence.
Growth Factor Measurements
Growth factors g were obtained from data such as those shown in Figure 2 as the ratio of the mode diameter in the right panel of Figure 2 to that in the left panel. The values of g(50%), g(60%), and g(83%) are plotted in Figure 9 for increasing organic volume fraction. The data show that, within experimental uncertainty, the growth factors do not depend on the organic particle mass concentration in the chamber (i.e., squares and triangles), in contrast to the observations for DRH ( Figure 5 ) and ERH (Figure 7) . The implication is that DRH and ERH are more sensitive to changes in the chemical composition of the SOM than is g (RH) .
The hygroscopic growth factor of mixed particles can be modeled based on volume averaging of the growth factors of the end members. The equation is as follows:
FIG. 8. Demonstration that recrystallization does not influence deliquescence. The transmission ratio of recrystallized particles, corresponding to experiments 16 and 17 of Table 2 forε +1 of 0.74 and 0.90, agree within an experimental uncertainty of ±1% RH with the transmission ratio of particles extracted directly from the chamber (i.e., experiments 6 and 7).
This equation applies equally to two physical cases: (1) the mixed particle is composed of separate and non-interacting phases (i.e., phase-separated particle) or (2) the mixed particle is composed of a single phase in which any solute-solute interactions in the mixed solution are either negligible with regard to water uptake or alternatively cancel out with one another (Stokes and Robinson 1966) .
In use of Equation (1), we take growth factors g(RH ) AS of pure AS from Biskos et al. (2006c) . Growth factors g(RH) SOM of FIG. 9 . Dependence of growth factor on organic volume fraction. Results are shown for 50%, 60%, and 83% RH. The value on the abscissa representsε +1 . Squares and triangles represent organic particle mass concentrations of 1.63 and 12.2 µg m -3 , respectively. Circles represent pure ammonium sulfate. Vertical bars show the uncertainty of the measurement of g (RH) . For comparison to the data points, model results using Equation (1) SOM produced by α-pinene ozonolysis products are taken both from Saathoff et al. (2003) and in Varutbangkul et al. (2006) for comparison. Saathoff et al. measured the hygroscopic response of SOM prepared in the absence of seed particles. Varutbangkul et al. measured the response of seeded but nearly pure SOM (ε = 0.996) and corrected for the small contribution by ammonium sulfate to determine g(RH) SOM (i.e., an inversion analysis based on Equation (1)). The shaded regions in Figure 9 represent the range of values modeled using the two different formulations of g(RH) SOM , with the upper side corresponding to that of Saathoff et al., and the lower to that of Varutbangkul et al. Examination of Figure 9 shows that the predicted and observed growth factors are in satisfactory agreement. The conclusion is that there is only limited interaction between the SOM and AS materials and one of the two physical cases mentioned in regard to Equation (1) is indicated. That said, there must be, however, at least some non-negligible interactions given the existent small shifts in DRH and ERH. Another implication of agreement between the observed growth factors and g(RH ) predicted is that the particles on both sides of the water uptake hysteresis curve are spherical (i.e., Equation (1) implicitly assumes spherical particles) (Biskos et al. 2006b) .
A cautionary note in the use of g(RH) SOM of Saathoff et al. ( Shilling et al. 2009 ). Although we did not observe differences in hygroscopic behavior between 1.63 and 12.2 µg m −3 , the shift in composition accompanying the shift to the higher mass concentrations of Saathoff et al. and Varutbangkul et al. may also affect g(RH) SOM to some extent. This aspect is a recommended focus of future studies.
CONCLUSIONS
The experimental findings are summarized as follows: (1) the sulfate component of mixed SOM-AS particles had DRH and ERH values within 4% RH of the reference values of pure ammonium sulfate up to the highest organic volume fractions investigated, specifically up to 0.96 for DRH and 0.99 for ERH; (2) the DRH and ERH values of the sulfate component decreased approximately linearly for increasing organic volume fraction; (3) the DRH and ERH values were consistently lower for particles having an SOM component that was generated at higher organic particle mass concentration (i.e., 1.63 compared to 12.2 µg m −3 ); (4) the recrystallization of the mixed particles did not affect the DRH behavior of the sulfate component; and (5) the hygroscopic growth factor of the mixed particles was described within measurement uncertainty by a non-interacting volume average of the growth factors of pure AS and pure SOM.
These findings taken together indicate that the overall chemical interactions between SOM generated by α-pinene dark ozonolysis and ammonium sulfate, both in the presence and absence of water, are weak over the range of relative humidities studied (20-85%). Within the mixed particles, in regard to deliquescence, efflorescence, and hygroscopic growth factor, the ammonium sulfate behaves largely as it does in its pure state. The SOM acts as a separate material with very limited synergistic behavior with AS, namely with respect to the small decreases in the DRH and the ERH. These results are consistent with a model of phase separation between the organic and inorganic materials within a single particle, both in the presence and absence of water (Chou et al. 1998; Marcolli and Krieger 2006; Ciobanu et al. 2009 ). With respect to the arguments in favor of a biphasic particle, the weak effect of SOM on the ERH of water-containing particles is especially noteworthy. For a counter proposal of a uniphasic particle, the high concentration of SOM molecules would strongly interfere with nucleation of AS crystals from the ionic medium (Marcolli and Krieger 2006; Parsons et al. 2004 Parsons et al. , 2006 , thereby eliminating efflorescence, in contradistinction to the observations. On the lower side of the hysteresis loop, the biphasic particle consists of a first phase that is SOM material and a second that is solid AS. The biphasic particle on the upper side of the hysteresis loop is more complicated. The first phase is largely composed of ammonium sulfate and water, and the second phase consists mostly of SOM and smaller amounts of water. According to the thermodynamic principles underlying liquid-liquid phase diagrams, these two phases are not entirely pure with respect to one another. Small amounts of SOM should be present in the water-sulfate phase to explain the observed decreases in DRH and ERH.
Proposed phase-separated chemical morphologies for both crystalline and deliquesced AS are illustrated in Figure 10 . While Figure 10 shows a specific example of a largely inorganic salt phase engulfed by a largely SOM phase, any phaseseparated spherical morphology is consistent with our results. Additional possible particle configurations are shown in Figure S1 . The actual morphology can be expected to vary with a dependence on the organic volume fraction, the particle size, and the relative surface tensions of the two phases against air as well against each other (Kwamena et al. 2010) .
Some possibilities that might complicate the interpretation of the results, such as a diameter-dependent composition of the SOM or diameter-dependent nano-size effects on phase transitions, can be ruled out. The variability of parameters in Table 2 is sufficient such that linear trends would not be observed in Figures 5b and 7b if diameter were more important than organic volume fraction in explaining the DRH and ERH results. Furthermore, in regard to ruling out a diameter-dependent composition, Shilling et al. (2009) reported that the composition of SOM prepared in the HEC by a similar protocol of α-pinene dark ozonolysis was independent of diameter, as expected for particle growth by uniform condensation. The AMS data recorded in the present study are consistent with that earlier result (data not shown). In regard to nano-size effects, according to this hypothesis, because lower organic volume fractions in the conducted experiments correspond to smaller particle diameters and because nano-sized particles can have increased DRH and ERH values (Biskos et al. 2006a) , the result showing that DRH and ERH are greater for lower organic volume fractions might arise from a nano-size effect. The smallest diameter of the present study, however, was 60 nm, which can be compared to a size of 6 nm at which the DRH and ERH of ammonium sulfate are equal to those of their bulk counterparts (Biskos et al. 2006c) . Even for NaCl nanoparticles, which have a much stronger nanosize effect, the DRH and ERH values agree with bulk values for particles of 40 nm and larger (Biskos et al. 2006a ). Thus, the study-minimum diameter of 60 nm is much larger than the known threshold for nanosize effects.
The result that SOM does not significantly shift the DRH and ERH of ammonium sulfate even up to organic volume fractions of greater than 0.95, at least for SOM prepared by the dark ozonolysis of α-pinene, causes a new picture to emerge of the effects of organic material on the phase transitions of atmospheric particles. As mentioned in the introduction, the presence of tens to hundreds of different organic molecules in SOM has previously led to a prevailing hypothesis that the multiple compounds in SOM should combine to reduce the ERH of mixed SOM-inorganic particles and eventually eliminate crystallization entirely. The present study's results across a wide range of organic volume fractions indicate that this hypothesis is incorrect, at least for the SOM generated from ozonolysis of α-pinene. Furthermore, the prevailing hypothesis in regard to DRH, which is based on a water-soluble classification that is inferred both from the cloud-condensation-nuclei (CCN) activity and the hygroscopic growth of SOM, has been that there should be a considerable influence on the deliquescence properties of inorganic salts. The results of the present study again reinforce that this hypothesis on the effect on DRH is incorrect for the studied SOM.
Our work on CCN activity concluded that SOM generated under similar experimental conditions was fully water soluble, with the implication of a single aqueous phase of AS and SOM (King et al. 2007 ). Our results reported herein, however, indicate that SOM and AS remain largely phase separated in the presence of condensed-phase H 2 O. These apparently contradictory observations are reconciled once the differences in water activity between the studies are taken into account. At the point of CCN activation, SOM, AS, and H 2 O are present as a molecular uniphase solution at water activities near 1 (i.e., Downloaded by [Harvard College] at 13:11 07 September 2012 the water activities typically required for CCN activation). At lower water activities (e.g., <0.85 in the present study), there is insufficient water for complete shells of solvation to form, and as a result inorganic and organic phases (both containing some water) are thermodynamically predicted to form below a separation relative humidity (SRH) (Pankow 2003; Zuend et al. 2010 ).
This conceptual difference of SOM solubility with a shift in water activity is chemically reasonable. Oxalic acid, for example, has a saturation water activity of 0.93 (Brooks et al. 2002) , implying that in the CCN regime this material is fully water soluble and miscible with an inorganic aqueous phase. By contrast, in a hygroscopic growth regime below 0.93 water activity, this material in pure form is fully water insoluble (unless metastable) and, in mixed solution with ammonium sulfate, phase separates between the initial and final DRH values. It is fully phase separated at the eutonic RH. The conclusion is that understanding the behavior of SOM, AS, and H 2 O in concentrated solutions (i.e., 20 to 85% RH of the present study) has limited application to the regime of CCN activation.
The present study's findings of limited chemical interactions between SOM generated by α-pinene dark ozonolysis and ammonium sulfate in the presence of water for 20% < RH < 85% could simplify the treatment of the phase changes of atmospheric mixed particles within global models of climate and atmospheric chemistry. The O:C ratios of 0.39 and 0.44 measured in this study for SOM are in the middle of the range of 0.20 to 0.89 reported for ambient particles (Ng et al. 2010) . The deviations in DRH and ERH with increasing organic volume fraction are less than 4% with respect to the reference values of AS, implying that the phase transitions of internally mixed particles of SOM and AS can be modeled to first order as occurring at the DRH and ERH of pure AS. Our results taken together with existing literature, however, show that not all SOM exhibits the same behavior. Further work is needed to quantify the effects of secondary organic material as a function of composition by varying the VOC precursor, the dominant oxidation pathway, and the organic particle mass concentration. |1 − n i,0 (d me )/n seed (d me )| < 0.02 for all d me . This sectional approach accounts for multiply charged particles within the seed distribution.
For each section, the size distribution n i,ss (d me ) exiting the chamber is given by the analytical solution to the steady-state distribution of spherical particles undergoing condensational growth in a continuous-flow chamber, as described by Seinfeld et al. (2003) : The overall number-diameter distribution n ss (d me ) exiting the chamber is then given by n i,ss (d me ). In Equation (A1), α is the particle wall loss coefficient and the θ i are algebraic relationships among α, τ , β, λ, and d me , as defined in Seinfeld et al. The terms α and τ are obtained by independent measurement in the laboratory and are therefore known quantities for use in Equation (A1). The terms β and λ represent the diameter-dependent particle growth rate I (d me ) arising from the condensation of secondary organic material and can be expressed in the following form: I (d me ) = β/(d me + λ). These terms are obtained by optimizing the modeled to the measured n ss at each organic particle mass concentration (cf. short-dashed and long-dashed, Figure A1 ). The probability density function p org,ss (ε) of organic volume fraction for fixed d me directly follows as the derivative of the cumulative distribution function P org,ss (ε), which is calculated as follows: P org,ss (ε) = i n i,ss δ(ε i < ε) i n i,ss [A2] where ε i = 1 -(µ i /d me ) 3 for a monodisperse approximation. The term δ(ε i < ε) is a step function that is defined as zero when the stated condition is false and as unity when it is true. The count medianε, count modeε, and arithmetic meanε are defined by ε:(P org,ss = 0.5), ε:max(p org,ss ), and 1 0 p org,ss (ε)ε dε, respectively. In cases of significant concentrations of multiply charged seed particles, there are two modes,ε +1 andε +2 .
Examples of p org,ss (ε;d me ) for low and high organic particle mass concentrations (1.63 and 12.2 µg m -3 , respectively) are shown in the insets of panels A and B of Figure A1 for DMA mono set to pass 90-nm particles. The top main panel of Figure A1 (solid line) shows that doubly charged seed particles of 113 nm accompany the 76.5-nm singly charged seed particles. In panel B, 72-nm doubly charged particles accompany the 49.5-nm singly charged particles. The inset of panel A shows that p org,ss (ε) has a single modeε +1 . The explanation is that the doubly charged seed particles are larger than 90 nm. In comparison, the inset of panel B shows that p org,ss (ε) has two modeŝ ε +1 andε +2 , as explained by 72-nm seed particles that serve as cores to 90-nm mixed particles.
Although two particle types are sufficient to describe the 1×3-TDMA data shown in Figures 5a and 7a , additional particle types exist in the population. For example, DMA mono set to pass 90-nm particles also selects doubly charged particles of diameter 184 nm. These particles, like their 90-nm counterparts, can also contain small and large seed particles, corresponding to the +1 and +2 seed particles selected initially by the nDMA. In principle, the list of particle types increases further if +3 particles are taken into account, though the statistical distribution of number concentrations drops off precipitously. In the case of DMA-CCN activation curves reported by King et al. (2009) , four particle types of highest statistical occurrence (i.e., +1/+1, +2/+1, +1/+2, and +2/+2, where x/y represents the charge x on the seed particle entering the HEC and the charge y on the particle classified from the flow exiting the HEC) were required to explain the observations. For the data of Figure 5a , however, only two particle types (i.e., +1/+1 and +2/+1) are needed to explain the observed transmission curves. The reduction in the number of needed particle types can be understood in that deliquescence occurs over a small RH range that approaches the RH stability of the 1×3-TDMA and the resolution of multiple particle types is therefore obscured. Because the influence of these particles is not observed in the data of the 1×3-TDMA, they are also not included in the modeling of organic volume fraction. Downloaded by [Harvard College] at 13:11 07 September 2012
